We study the nonlinear properties of bulk AlGaAs and GaAs/AlGaAs multiple quantum wells (MQW) below the half-band-gap energy using subpicosecond pulses between 1.65 and 1.7 pm. In the bulk material we find a value for the nonlinear index IZ~ = +3.6 X lo-l4 cm'/W and a two-photon absorption coefficient p = 0.26 X 10v4 cm/'MW. In the MQW we measure an n2 up to 2.4 times larger, and we attribute this enhancement to a stronger 1%exciton intermediate state. The fl value is up to 25 times larger in the MQW. This larger value may result from midgap states that resonantly enhance the virtual intermediate state in two-photon absorption and act as a real transition in a two-step absorption process. The resulting figure of merit ( 2n2//3,%) for the bulk (MQW) material is 17 (1.6), which means that these semiconductors below half band gap are appropriate for all-optical switching and quantum optics applications. We confirm that n2 is instantaneous on the 300 fs time scale of our pulses from self-phase-modulation spectra as well as timeresolved pump-probe measurements. However, we find an intriguing exchange of energy between the two orthogonal axes as evidenced by the signal along the probe axis following the negative derivative of the pump intensity. This result may be explained by selfphase modulation of the pump combined with a low-frequency Raman process that couples the modes along orthogonal axes.
I. INTRODUCTION
All-optical switching and quantum optics applications require materials that can provide a r-phase shift due to the nonlinear index with less than 3 dB of absorption. Although glass optical fibers have a relatively low nonlinearity, they are an almost ideal material for 'the nonlinear applications because of their extremely low loss. For example, ultrafast soliton logic gates' and squeezed states' have been demonstrated using optical fibers. However, these applications usually require long fiber lengths (e.g., > 500 m), which implies latency as well as sensitivity to thermal and other environmental effects. The third-order nonlinear optical properties of semiconductors are of interest for making compact, integrable devices where many devices can be grown simultaneously on the same wafer. Several authors have shown that semiconductors are unsuitable for all-optical applications when excited between midgap and the band-gap energies because of nonlinear two-photon absorption (TPA).3 In addition to generating real carriers that need to recombine, TPA leads to heating effects and in many cases limits the pump intensity so that a r-phase shift cannot be obtained.
In this article we investigate the nonlinear optical properties of bulk Ale2GaesAs and GaAs/Alo.3Gac,As multiple quantum wells (MQW) at wavelengths below the half-band-gap energy. The GaAs/AlGaAs material system studied here is important for several reasons: ( 1) by varying the alloy composition the half-band-gap energy can cover the infrared window between 1.3 and 1.6pm that is important for optical communications; (2) the material is almost perfectly lattice matched, and (3) already a very mature fabrication technology exists for these alloys. In addition, artificially structured, quasi-two-dimensional, MQW material has generated much interest because of unique linear and nonlinear properties. The reduced dimensionality of MQW's leads to more tightly confined 1s exciton wave functions, larger dipole matrix elements near the band edge, and unique electric field properties such as the quantum confined Stark effect. " We present measurements of both the real and imaginary part of ,yC3) as well as time-resolved pump-probe data for both bulk and MQW material near 1.68 pm. In Sec. II we describe the experimental apparatus and details of the semiconductor samples. Self-phase-modulation spectra for the samples are discussed in Sec. III, and then the TPA measurements are given in Sec. IV. In Sec. V we provide evidence for midgap states in the MQW material, and in Sec. VI we describe pump-probe measurements. The results for the nonlinear index n2 and TPA coefficient fi show that these materials have favorable figures of merit for alloptical applications. The self-phase-modulation spectra as well as time-resolved pump-probe data prove that the response is instantaneous for 300 fs pulses. The pump-probe data also provide intriguing evidence for a low-frequency Raman process. We measure a maximum enchancement for n2 of 2.4 times in MQW over bulk, which is consistent with enhancement of x (3) by the 1s intermediate excitonic state. The larger than expected increase in fi in MQW over bulk may be partially attributed to midgap states.
II. EXPERIMENTAL APPARATUS AND SEMICONDUCTOR SAMPLES
A schematic drawing of the experimental apparatus is shown in Fig. 1 (a) . The laser source is a passively modelocked NaCl color center laser5 that operates between 1.67 and 1.7 pm and produces 300 to 500 fs pulses separated by 11.4 ns. We use an optical isolator at the laser output to prevent feedback from the waveguide facets back into the laser. The laser output is separated into orthogonally polarized pump and probe beams, and the probe is frequency shifted by 80 MHz by passing through an acousto-optic modulator. A stepper-motor controlled delay line is used to vary the time separation between the two pulses, which are recombined at a polarizing beam splitter and then sent to the waveguides. A half wave plate placed before the waveguide allows selection of either the horizontal TE or vertical TM excitation. An antireflection coated laser diode objective lens is used to couple into the waveguide, and the output from the waveguide is collected with an identical objective and monitored on an IR camera. A spatial lilter located near an intermediate focal plane at the output eliminates stray transmission adjacent to the guide. The frequency spectra of the output pulses are monitored with a grating spectrometer and the output pulse shapes are measured with an optical correlator.
We use waveguides (7 to 8.5 mm long) to obtain long interaction lengths and to enable access to both polarizations with respect to the quantum wells. In the MOCVDgrown bulk samples [ Fig. l(b) ] a ridge waveguide is formed in a layer of Alc.2GacsAs 2.55 pm thick. We choose this material composition so that the 1.6 pm wavelength excitation lies 100 meV below the half-gap energy ( -1.5 pm), sufficiently far below to avoid TPA from all frequency components of the pulse.6 Guiding is provided by a 2.55 pm underlying layer of lower index AlcsGacsAs. The ridge height is 0.7 pm and its width is 4.5 pm for most of the measurements reported here. These dimensions were chosen so that simple optics could be used for coupling into the guide. The index difference is small enough so that only a few modes are supported by these waveguides and careful excitation results in the lowestorder mode dominating the transmitted light. Total coupling efficiencies of near 45% were obtained with microscope objectives at the input and output of the waveguide, and the total loss in the input and output microscope objectives is 6%. For the bulk sample both input and output surfaces are antireflection coated, thus reducing the reflections to near 1% per surface, and scattering from nonuniformities in the waveguide ridge is less than 5%. Peak powers as high as 300 W were measured at the output of the waveguide corresponding to peak intensities in the bulk waveguides near 10 GW/cm2.
The MQW waveguides are grown in a different MOCVD reactor and the sample structure is included in Fig. 1 (c) . A p-i-n structure is formed by using a 0.2+m-thick GaAs contact layer and a 1.5~pm-thick buEer layer of Alc3Gac,As that are p doped to a level of 10" cm -'. The intrinsic waveguide core consists of 200 periods of 40 A GaAs wells and 70 A Ale3Gae7As barriers. Guiding in the vertical dimension is assured by a 3-pm-thick layer of lower index A10.,Gac7As below the MQW guide region that is n doped to a level of 10" cm -3. Lateral confmement is provided by etching a 2-pm-wide ridge to a depth of 2.3 ym below the top surface of the wafer. We measure an overall linear transmission loss of approximately 9.14 dB, which includes 1.4 dB reflection loss per uncoated facet, 0.17 dB loss per objective, and an estimated 3 dB coupling loss. The excess loss of.3.2 dB in the MQW is attributed to scattering losses from nonuniformities along the waveguide ridge. For peak intensities near 11 GW/cm2 in the waveguide peak powers of approximately 49 W for TE excitation and 32 W for TM excitation are measured at the output facet of the waveguide. Figure 2 illustrates the MQW absorbance that is measured using white light transmission perpendicular to the layers (&a after back-etching the GaAs substrate. We have calculated the confinement energies using a resonant tunneling procedure' assuming no overlap in wave functions between adjacent wells. We assume a 57:43 ratio for the hole:electron band offsets, and the formulas for the effective masses and band gaps are given in Ref. 4. For our MQW structure we calculate the lowest confinement energies of 3 1 meV for the heavy hole (HHl ), 69 meV for the light hole (LHl ), and 89 meV for the electron (Cl). Therefore, the HHl-Cl transition should be at 1.544 eV (803 nm) and the LHl-Cl transition at 1.582 eV (784 nm). Careful examination of the transmission spectrum shows features near these wavelengths. The broadness of the exciton feature may be attributed to nonuniformity in well layer thickness or perhaps impurities within the quantum well layers. The absorption increases sharply at shorter wavelengths because of absorption in the AlGaAs buffer.
The TPA spectrum in MQW's has been shown to be highly anisotropic both experimentally' and theoretically.* The large anisotropies arise both from anisotropies of the exciton envelope function and an anisotropic band structure.' For the x (electric field polarized in plane of wells, TE polarization) the TPA transition rate is nearly linear with 2&o-E, and the strongly one-photon allowed 1s exciton is forbidden. Therefore, the 1S state of the HHl-Cl exciton at -800 nm should be absent in the two-photon spectrum, and the effective band gap for TPA with x should be about an exciton binding energy ( -14-17 meV) above the 1.S state, corresponding to -1.56 eV ( -795 nm) . On the other hand, for 412 (electric field polarized perpendicular to wells, TM polarization) the TPA transition occurs at the LHZCl transition, which is even higher in energy, and the TPA spectra should display distinct steps. Our laser range from 1.66-1.7 pm should be at least 60 meV below the TPA edge for $&and even further away from the absorption edge for qlz?
III. NONLINEAR INDEX FROM SELF-PHASE MODULATION
As in the case for optical fibers, we can use the simple self-phase-modulation spectral technique for measuring n2 (Ref. 9) in our semiconductor waveguides. Self-phase modulation dramatically broadens the spectrum and forms a series of spectral peaks at phase shifts of rr and larger for an instantaneous n2 with negligible dispersion. The tist null occurs at a 1.57r nonlinear phase shift, two nulls occur at 2.5~, etc. The nonlinear phase shift is given by and the instantaneous change in the frequency is given by dA@ 2?rLer n, dI( t)
where L,B is the effective length of the waveguide (LeK = [ 1 -exp( -aL)]/cr), ;1 is the vacuum wavelength, and I(t) is the pulse intensity at the waveguide input. To obtain the spectral changes due to the nonlinear phase shift we perform the Fourier transform
where E(t) is the electric field and E(w) is the Fourier transform of the_ pulse amplitude (the measured spectra correspond to 1 E(o) 1'). Figure 3 shows the experimental spectra at the output of the bulk waveguide as a function of power. The series in Fig. 3 corresponds to: (a) the input spectrum, (b) A#csn; (c) A#Y 1.5n; and (d) A4c12.5~. Nearly identical spectra as a function of input intensity are obtained for wavelengths of 1.69 and 1.62 ,um. Asymmetry of the spectra probably results from slight asymmetries of the input pulse shape. Similar spectra were measured for a probe beam orthogonally polarized with respect to the pump beam, and the probe intensity was maintained at one tenth of the pump intensity. In the bulk material the effective crossphase modulation is two-thirds of the self-phase modulation as expected for the symmetry of the crystal. The intensity required for a r phase shift is 3.1 f 0.5 GW/cm', which yields a value of n2 = +3.6( f 0.5) X lo-l4 cm2/W. The uncertainty in the measured values is primarily a result of estimating the pulse intensity in the multimode waveguide. The n2 value is in qualitative agreement with the scaling predicted" near the TPA edge when compared with the measured value of n2 = -4 X 10-t" cm'/W at a wavelength of 1.06 pm." The sign of n2 is positive for our waveguides, as deduced from the pulse broadening at high intensities. The sign of n2 changes from negative to positive as one decreases the excitation energy from above to below the two-photon edge in agreement with theoretical predictions. lo Even at the large phase shift of 2~ the measured nonlinear loss for the pump was only 15% in the bulk material.
Similar spectra are obtained in the MQW waveguides, except that we add a half-wave plate before the waveguide to rotate between a z^and 41 z? Because of different absorption and since the MQW sample was not antireflection coated, the maximum nonlinear phase shift we obtained was about 1.5~. We are careful to use Lef in Eq. ( 1) to deduce the value for n2, and for the absorption coefficient a we use both the linear ( -3 dB) and nonlinear losses, which are discussed in the next section. For 2 z^we obtain a r-phase shift at I-5.2 GW/cm2, which corresponds to a value of n2 = +8.7( f 1.7) X lo-l4 cm'/W. For 41; we find a r-phase shift at I = 6.73 GW/cm', which corresponds to a value of It2 = +5.4( f 1) x lo-l4 cm2/W. Therefore, we find an enhancement for n2 in the MQW of 2.4 (1.5) times the value in the bulk for ez &$a. We attribute the larger nonlinearities to resonant enhancement from excitonic effects in the quasi-twodimensional material. Since the enhancement will be localized to wavelengths close to the TPA edge, the measured n2 for $?is probably lower than the that measured for a z^ because our laser wavelength is further from the band edge when 412 TPA can be described as a two-step process12 that passes through an intermediate state and ends in an allowed state consistent with various selection rules. We concentrate on the 1s exciton as an intermediate state since this is strongly affected by the confinement, and the lowestenergy final state is the 2P exciton. Thus, the first photon induces a virtual interband transition to the 1S exciton with the second photon completing the electronic transition by an intraband transition to the 2P state.' There is no increase in binding energy or oscillator strength for the n = 2 state due to confinement,' so we do not expect a change in the intraband matrix element between the bulk and MQW at least for a z?
If we consider only transitions through the lS-exciton intermediate state, then we expect the maximum enhancement factor to be proportional to the number of excitons that can be packed into the material. Therefore, the enhancement will be the volume of an exciton in three dimensions divided by the volume of an exciton in the quasitwo-dimensional material
where a3D (azD) is the three-dimensional (quasi-two-dimensional) Bohr radius and L, is the well width. There may be additional prefactors in the right-hand side of Eq. (4); however, obtaining them requires a rigorous theoretical derivation, which is beyond the scope of this article. The excitonic enhancement must be weighted by a tilling factor to account for the fraction of the material in the wells. We will assume that the barriers have the same nonlinearity as in the bulk nlBULK). Then, the material averaged nonlinearity is between WQW l<$tJjXJ<& where dD E-~x~+~xl (54 (5b) and Lb is the barrier width and L, is the period of the quantum wells ( Lt~ = L, + Lb). Note that although the well width cancels in Eq. (5b), it enters implicitly through the value of azn.
We now estimate g for our MQW samples with L,=40A,Lb=70A,andL,= llOA.InGaAs a3o = 140 A and Ref. 13 shows that R. X a$, -Eb X &, is roughly a constant, where R. is the binding energy in three dimensions and Eb is the binding energy in the quasi-twodimensional material. From Fig. 5 of Ref. 13 we find that for an aluminum content of x = 0.3 and L, = 40 A that Eb N 9.2 meV, while R. = 4.2 meV in GaAs. Therefore, we use am -a3D ,im -95 A, which is the radius in the plane of the quantum well (the exciton looks like a "pancake"). Plugging these parameter values into Eq. (5) we calculate g-3.4, which should be peaked at wavelengths close to the TPA edge. We expect to observe less than the maximum enhancement since: ( 1) we are -60 meV away 
where T = It,,/Ii,, is the measured transmission, To is the low intensity linear transmission, L,r is the effective length of the waveguide, C',, is the coupling coefficient out of the waveguide, and & is the effective area of the waveguide. We assume that Aer -u $AAgmm, which gives us an approximate spatial average over the mode profile. By plotting l/T as a function of Pi,, we can deduce p from the slope and To from the intercept. In Fig. 4 we plot an exemplary l/T vs Ph, curve taken at 1.67 pm. The raw data are plotted as X'S and we obtain the dots after correcting for the Gaussian temporal pulse profile.3 The corrected data would correspond to an experiment preformed with cw beams or square pulses.14 A least square error fit to the corrected data is shown by the solid line, and the reasonable agreement of the linear fit with intensity confirms that TPA (or other xC3) processes) dominate the nonlinear loss mechanisms. We measured curves like Fig. 4 at four different wavelengths between 1.66 and 1.7 pm and deduced the corresponding fi values. For the electric field polarized along the quantum wells a z^we obtain an average value of j3 = 6.5 i 1 X 10m4 cm/MW, where the * 15% variation may be due to laser intensity fluctuations and varying pulse shapes from the laser at different wavelengths. There might also be a slight wavelength variation of p, but the scatter in our data does not show a definite trend. Along the orthogonal axis with 419 we obtain a lower average value of p = 4 f 0.6 X 10m4 cm/MW, which may be lower because we are further from the TPA band edge.
The nonlinear absorption is much weaker in our bulk material, so for a more accurate measure including threephoton absorption we study the nonlinear loss using a probe beam (Fig. 5) . We measure the total (pump + probe) energy loss for the light propagating through the guide by measuring the 40 kHz modulation amplitude due to the probe as the pump is turned on and off. This measurement technique eliminates the need to correct for fourwave-mixing gain effects. We fit these data to aNL = 4/3?+ 9a3?,
where a3 is the pump three-photon absorption coefficient and aNL is the net nonlinear absorption coefficient for the signal beam. The fact that we measure a small signal absorption in order to obtain the pump absorption coefficients accountafor the factors of 4 and 9 in Eq. (7)) and the intensities I in Eq. (7) are time averaged. Neither twophoton nor three-photon absorption alone yield a good fit to the data. The fitted values obtained are /3 = 0.26 x lo-" cm/MW and a3 = 0.004 cm3/GW2. Unlike our MQW samples, the nonlinear absorption for phase shifts above 1.57~ is dominated by three-photon absorption. Also, our measured three-photon absorption coefficient agrees with theoretical estimates" within a factor of 2. We did not measure the wavelength dependence of fi for the bulk. The 16 to 25 times larger values for fi in the MQW samples is unexpected. The increase may indicate that we are closer to the TPA tail; i.e., in the bulk we are at least 100 meV below, while in the MQW we are -60 meV below for a z^ (even further for 413. However, we measure the TPA coefficient in the MQW to be almost flat as a function of frequency between 1.65 and 1.7 pm, whereas TPA through the Urbach tail of the band edge should decrease exponentially at longer wavelengths. Perhaps the FIG. 6 . Change in transmission of the probe with and without the pump (cz.L = -lnfi -AT/To]) for 6t<d as a function of average pump intensity in the MQW waveguides. The dots correspond to the experimental data, and the solid line corresponds to a lit using Eq. (9). enhanced fi value in the MQW arises because of midgap or deep level states in the material, which act as a stepping stone in the TPA. The larger concentration of midgap states in the MQW may be due to interface states, higher levels of impurities, or differences in the MOCVD reactors in which the two samples were grown. Nonetheless, our measured values are more than a factor of 30 smaller than the p = 0.02 cm/MW measured well above the half-gap energies. l6
V. EVIDENCE FOR MIDGAP STATES IN MQW
Further evidence that suggests the existence of midgap states in our MQW material is found from pump-probe measurements. The pump and probe beams are orthogonally polarized, and the time-resolved data will be presented in the next section. However, for the probe preceding the pump (6t ~0) we find a pronounced difference between the bulk and MQW material. Whereas in the bulk the transmission of the probe is unaffected by the presence of the pump, for the MQW there is a decrease in the probe transmission when the pump is added even for St<O. We found no thermal effects with time constants of the order of milliseconds. This long-lived background in the MQW is probably not due to free carriers because the carriers would diffuse out of the waveguide core in times shorter than the 11.4 ns separation between pulses. For example, for a Gaussian beam the diffusion decay time is given by 7D= w2/8D,
where D is the diffusion coefficient and w. is the Gaussian beam waist. We obtain rD = 0.38 ns for w. = 2 pm and D = 13 cm2/s, which is the ambipolar diffusion coefficient in the plane of the MQW layers for GaAs/AlGaAs MQW structures. l7 To understand the origin of this long-lived background in the MQW material, we studied the change in transmission of the probe (with and without the pump) for St < 0 as a function of pump power. In Fig. 6 we plot aL = -ln[l -AT/To], which is the total pump-induced absorption coefficient, versus the average pump intensity at the waveguide input. The dots correspond to the experimental data, and the slope at low intensities is consistent with midgap states contributing to a two-photon process. The saturation may arise from the limited number of midgap states.
The data in Fig. 6 can be fitted well to a cubic function aL=yo+y$+y2I?!+y3P,
where ? is the average intensity in ( GW/cm2). The solid curve in Fig. 6 corresponds to Eq. (9) with the parameters: y. = 0.0563, y1 = 0.357, y2 = -0.0678, and y3 = 5.76 X 10m3. If we compare Eqs. (7) and (9), then we can define an effective fi for 6t<O of /3(6t < 0) = y1/(4L) = 1.1 x 10m4 cm"/MW, which is smaller than the P(st -0) = 6.5 x 10e4 cm2/MW that we discussed in Sec. IV. We can also define a saturation intensity for the TPA process [i.e., fl Y &,/( 1 + I/1&], in which case we find that Isat N--fVa3. Again we obtain p and a3 from comparison of Eqs. (7) and (9) with the result Isat r 11.85 GW/cm2. The saturation of the TPA through the midgap states should be contrasted with the three-photon absorption for band-to-band transitions, which leads to an increase in the absorption with increasing intensity as in Fig. 5 . For our samples we speculate that the difference in MOCVD reactors used to grow the two samples may account for the higher level of MQW midgap states. For example, a slight amount of unpurged oxygen in the growth chamber can lead to many interface states, which are known to absorb near midgap. Furthermore, oxygen also has an absorption near 0.8 eV (1.55 pm). In addition, GaAs is known to have a distribution of deep level states between 0.6-0.9 eV centered about the half gap. For example, the EL2 defect is the dominant deep donor in undoped GaAs, and the fundamental state of EL2 has a level at 0.75 eV (1.65 ,um).'* We are further investigating the origin of the larger p value. In bulk material midgap states may have lifetimes of between l-10 ns. On the other hand, in MQW if the electrons escape from the wells and become spatially separated from the ionized centers, then the lifetimes may extend into the microsecond range. This may be responsible for the long lifetime and high level of the background that ,we are observing in the pump-probe measurements.
It appears that the midgap states enhance the TPA in two ways. First, they act as a real transition in a two-step absorption process (one photon ionizes the state and a second creates a valence-band to midgap-state transition), which corresponds to the long-lived state. Second, the midgap states resonantly enhance the virtual intermediate state in the TPA, which corresponds to the instantaneous p contribution. The first term will not affect the instantaneous n2r but we might expect the second term to have some contribution. Although we cannot rule out this additional enhancement, it may not be significant in our wavelength range because fi due to midgap states is almost flat as a function of frequency and the magnitude of n2 varies as the logarithmic derivative of fi.
Vi. TIME-RESOLVED PUMP-PROBE MEASUREMENTS
To verify the instantaneous response of the nonlinearity and to examine the dynamics in the waveguide, we also perform time-resolved pump-probe measurements with 285 fs pulses at 1.67 pm. The probe beam is orthogonally polarized to the pump with an intensity of less than 1% of the pump. Any coherent interference effects between the two pulses should average to zero since the probe is frequency shifted by the acousto-optic modulator. Only the probe beam is modulated, and the signal from the detector at the waveguide output is fed to a lock-in that is referenced to the same modulation frequency. Three sets of data are collected as a function of pump power: (i) no polarizer to see the complete change in output due both to the pump and probe; (ii) polarizer at output along probe axis to see the change in probe due to the pump beam; and (iii) polarizer at output along pump axis to see the change in pump due to the probe.
Other than the previously discussed background for at< 0 in the MQW, we observe the same kind of temporal behavior in the bulk and MQW. Therefore, to avoid complications from the long-lived background, we show here the pump probe data as a function of pump power for the bulk sample (Fig. 7) . Note that although the three curves of each set in Fig. 7 are drawn on the same scale, the various data are displaced for ease of display. With no polarizer at the waveguide output we observe the expected behavior for two-and three-photon absorption. The signal follows the pump pulse and recovers to a level slightly below the original level. This tail persists for approximately 50-100 ps after the pump pulse. It probably arises from free-carrier absorption associated with the carriers excited by multiphoton absorption. Other than this tail the response is indeed instantaneous on the time scale of 285 fs, thus confirming the virtual nature of the TPA. In Fig. 8 we plot the normalized peak change in transmission (AT/T) as a function of peak pump intensity at the bulk waveguide input. The behavior is similar to Fig. 5 , thus reiterating that the net absorption dip is from two-and thresphoton absorption. In the MQW waveguides we find this same curve is roughly linear in pump power, reflecting the fact that the TPA is much stronger than in the bulk and thereby masks the three-photon absorption.
When we add the polarizer to the waveguide output, the behavior becomes much more complicated in both the bulk and IvIQW. With the polarizer aligned with the probe axis, we obtain a signal that resembles the negative derivative of the pump pulse. In Fig. 8 we also include the peak-to-peak change AT/T versus pump intensity (T is the transmission of the probe pulse) and see a linear behavior, thus contirming that the derivative-like signal is due to a xC3) process. Note that when the probe rises above its level for 6t < 0 that the probe experiences significant gain (as large as 15%) indicating a transfer of energy between the two axes. At [PSI FIG. 7 . Time-resolved pump-probe data using 285 fs pulses at 1.67 pm with no polarizer, polarizer at output along probe axis, and polarizer at output along pump axis. The pump intensity at the output of the bulk waveguide corresponds to: (a) 0.38; (b) 1.34; and (c) 3.85 GW/cm2. Although the three curves in each set are drawn on the same scale, the various data are displaced for ease of display.
The third curve in each set corresponds to a polarizer at the waveguide output aligned with the pump axis. At low intensities where there is weak nonlinear absorption the change in pump looks like the negative of the change in the probe, and we see that the pump can be amplified by the probe. As the pump power is increased the dip in the signal increases as the nonlinear absorption increases. Since the changes along the two axes should add up to the signal without the polarizer, we see that the peak dip in transmission with the polarizer along the pump axis is delayed with respect to the dip with no polarizer. How can four-wave mixing cause an exchange of energy between the two orthogonal axes? Self-phase modulation and cross-phase modulation only chirp pulses and do not change the number of photons along each axis. There are coherent four-wave mixing terms that give rise to polarization instability and phase conjugation," but these terms are generally rapidly varying [proportional to exp( 2iAkz)] and only become significant when AkL ZZ 2?rAnL//Z-1, where An is the birefringence. We estimate the birefringence in our waveguides by including the material birefringence and calculating the effective index along both axes for our waveguide geometry. For the MQW waveguides we tind An -2.5 X lob3 and for the bulk we obtain a lower value of An -7 X 10m4. Even if we use the value for bulk material, the phase factor AkL -20>1, so the polarization instability terms should be unimportant. Also, despite the larger birefringence in the MQW sample, we observe comparable AT/T values in both the bulk and MQW samples. In addition, even if the coherent terms lead to a transfer of energy from the last 5% of the waveguide, we do not expect the signal to vary as the derivative of the pump pulse. Furthermore, since the coherent four-wave-mixing terms have different phase matching conditions along the two axes, we expect the behavior to depend on whether the pump is along the slow or fast axis. However, we have aligned the pump beam along the slow and fast axes of the MQW waveguides and observe the same qualitative behavior.
One possible explanation for the exchange of energy between the two axes is a low-frequency Raman gain. The Raman effect is equivalent to a time-dependent nonlinearity, and for the Raman effect the frequency separation should be on the order of a bandwidth of the pulse ( -1 THz or 30 cm -' ). Consider a simple picture in which we assume that the pump spectrally broadens due to self-phase modulation and the Raman gain spectrum is linear down to low frequency. This situation is equivalent to a fiber with soliton self-frequency effect and cross-Raman effects except that the semiconductor waveguide has no walk-off over the short lengths.20 Because of the Raman effect, when two pulses overlap, the lower frequency pulse experiences gain and depletes the other pulse. Recall from Eqs. ( 1) and (2) that the frequency chirp on the pump pulse behaves as SW a -31/3t for n2 > 0; i.e., the leading edge (&CO) of the pump is red-shifted and trailing edge (St> 0) is blue shifted. To lowest order we ignore the effects of cross-phase modulation and assume that the probe is at the original center frequency (the argument does not change if we include cross-phase modulation since the cross-phase-modulation coefficient is smaller than self-phase modulation). Then, for St < 0, the probe is attenuated because it is higher in frequency that the pump, and for St > 0 the probe is amplified because it is at a lower frequency than the pump. This is exactly the behavior observed in Fig. 7 . More generally, this technique allows us to map out the chirp of the pump pulse along the probe axis.
We can estimate the Raman gain coefficient RI for orthogonally polarized pulses in the bulk material from the data in Fig. 8 . For example, at L-3.85 GW/cm2 we obtain (AT/T),,, -0.3, or the maximum gain is half of this (AT/T)gain -0.15. Ln the small signal approximation we find that RI IL -(AT/T),ti, or RI -5.5 X lo-'* cm/W. Since this intensity corresponds roughly to A@ -r and at a r-phase shift the frequency broadening is i Av, where Av is the full width at half maximum pulse spectral width, this value of RI will be for Av-lTHz-30 cm- '. As we see in Fig. 7 , the Raman effect is not negligible and is, in fact, comparable to two-and three-photon absorption in the bulk material.
VII. DISCUSSION
Based on our nonlinear measurements, we can now assess the appropriateness of these semiconductor materials below half gap for all-optical applications. In all-optical switching or quantum optics we require that @/2/2n,) < 1, i.e., that we obtain a r-phase shift with less than 3 dB of TPA. Alternately, we can detine a figure of merit F, = 2n&?A that must be greater than one. For the bulk Alo,2GaceAs material we find that Fm = 17, whereas for our MQW material we find that for both a z^ and 41; that F, c-1.6. For the MQW materials, at least, further improvements in the figure of merit must be obtained by decreasing the TPA coefficient. As we discussed before, the midgap absorption should not be fundamental to MQW material provided that caution is exercised during the growth to avoid impurities and interface states. Because of these favorable figures of merit, we have already used the bulk material in an all-optical time domain chirp switch,21 which can be used for ultrafast logic or timing restoration in a soliton-based system. These waveguides should also be appropriate for proposed Mach-Zehnder devices22 and squeezed state generation. ' * Our comparison of bulk and MQW material also provides some-guidelines as to the benefits expected from quantum confinement. Because of the enhancement through the lS'-exciton intermediate state, we expect the maximum enhancement in n2 to be about 3.4 for our 40 A well and 70 8, barrier widths. In principle, the TPA coefficient for MQW should not be any worse than for bulk, so the maximum increase in F, should also be of order 3.4. However, to observe this enhancement we must operate near the TPA edge, since only then the 1S exciton is involved in the process. One property of the MQW that might be useful is the anisotropy in the n2 between the two axes738 Furthermore, it has been predicted8 and demonstratedz3 that the TPA increases near the band edge for q@'with the addition of electric fields. Since the n2 is related to the TPA spectrum through a Kramers-Kronig relation, the larger and sharper band edge implies a larger n2 as well.
The pump-probe measurements shed new insight into the dynamics between the orthogonally polarized pulses. Although the response is primarily instantaneous, the derivative-like signal indicates the energy transfer between the two axes in addition to multiphoton absorption. We show that the exchange of energy between the two axes may be explained by self-phase modulation of the pump plus a low-frequency Raman gain, and the data implies a Raman coefficient between orthogonally polarized pulses ofRI -5.5 X IO-" cm/W for Av-30 cm-', GaAs is know to have sharp Raman modes near 300 cm -' with very little contribution at low frequencies. There is lowfrequency absorption associated with acoustic phonons, but Brillouin scattering generally requires phase matching while our observed phenomena (which occurs in different samples along different polarizations and at different pump powers) suggest a noncritical or self-phase-matched process. The situation is not as clear in alloy material such as AlGaAs, in which the alloy introduces new Raman lines and tends to broaden the spectrum. More importantly, since the alloy has random occupation of sites, the wave vector conservation rules for first-order Raman scattering in a perfect crystal will be relaxed24 and there should be appreciable low-frequency Raman gain. In addition, even in the perfect crystal there are second-order Brillouin processes that involve two phonons and that behave Ramanlike; i.e., wave vector conservation is satisfied by the difference between two acoustic phonon wave vectors. To our knowledge there is no report in the literature of the magnitude of the Raman gain coefficient in GaAs or AlGaAs, so we are unable to compare our results. On the other hand, our measured RL is at least two orders of magnitude larger than in fused silica fibers at comparable Av, which is comparable to the enhancement of n2 in the the semiconductor near half-gap.
In summary, we have measured the real and imaginary components of xC3) near the half-gap in bulk AlGaAs and GaAs/AlGaAs MQW waveguides. For the bulk material we find n2 = +3.6 X lo-i4 cm2/W and p = 0.26 X 10m4 cm/MW, which imply a figure of merit F,,, = 17. In the MQW we find that the nonlinearity for e^l z^ (n2 = +8.7 X lo-l4 cm2/W) is enhanced by 2.4 times over the value in bulk, which is consistent with the maximum enhancement expected from the 1s intermediate state. We attribute the larger TPA coefficient (fi = 6.5 X lo-" cm/MW) in the MQW to midgap states, which cause a long-lived background in the pump-probe data for the MQW. Finally, time-resolved pump-probe measurements confirm that the nonlinearity is instantaneous and show that at least two mechanisms are responsible for the derivative-like behavior along the probe axis. We show that self-phase modulation plus a low-frequency Raman effect can explain the data, and we estimate the Raman gain coefficient RI around By-30 cm -'. Furthermore, this technique may be used to map out the chirp of the pump pulse along the probe axis.
